Abstract-Graphene has been widely studied because of its high mobility, superior mechanical properties and excellent thermal and chemical stability. This paper describes a novel and flexible method to fabricate graphene interdigitated electrodes and all-carbon field effect transistor (FET). In this approach, graphene is first grown by chemical vapor deposition (CVD) and assembled onto a microelectrode chip. Then, an atomic force microscopy (AFM) based mechanical machining method is employed to cut the graphene into interdigitated electrodes with nanogaps. Finally, single-walled carbon nanotubes (SWCNTs) are assembled onto the graphene interdigitated electrodes using dielectrophoresis to complete the FET device. The electrical properties of the fabricated SWCNT-graphene FET were investigated, and the I-V curves demonstrated the p-type nature of SWCNTs in the FET.
I. INTRODUCTION
During the last decade, graphene has been used to fabricate various electrical devices including FET [1, 2] , super capacitor [3] , and sensors [4] . In particular, graphene is a promising candidate material for electrodes in all-carbon electronic devices because of its low resistivity, high thermal and chemical stability, appropriate work function, and good optical transparency [5, 6] .
Similar to graphene, SWCNT is also of great interest due to its exceptional electrical, thermal, and mechanical properties. Thus far, extensive research has explored the use of SWCNT in FET based sensor [7, 8] . The work function of SWCNT is 4.7~5.1 eV while that of graphene is 4.7~4.9 eV [9, 10] . This close matching in work function suggests the possibility of fabricating high performance electronic devices by combining SWCNT and graphene. As a first step toward all-carbon-based electronics, the effective integration of SWCNT and graphene in nanoelectronic devices represents a natural possibility that could be important for both scientific study and applications.
In this paper, we describe the development of a novel SWCNT-graphene based FET. The fabrication process begins with the assembly of graphene grown by chemical vapor deposition (CVD) onto a microelectrode chip through the bubbling method. Then, an atomic force microscopy (AFM) based mechanical machining method is used to cut the graphene into interdigitated electrodes with nanogaps. The fabricated graphene interdigitated electrodes can be used as probes to detect single molecules in microenvironment. The FET fabrication process is completed by aligning SWCNTs on the graphene electrodes using dielectrophoresis. In preliminary verifications, the SWCNT-graphene FET shows nice p-type semiconductor properties. Therefore, we opens up a new approach to build all-carbon electronic devices.
II. EXPERIMENT

A. Assembling of graphene
The graphene used in the study is assembled onto a microchip through the bubbling method. The graphene was grown on a Pt substrate [11] , then it was first spin-coated with polymethyl methacrylate (PMMA) followed by curing. PMMA was used to prevent the graphene from being harmed in later process. Then we put the PMMA/graphene/Pt into the NaOH aqueous solution. PMMA/graphene/Pt was used as the cathode of an electrolysis cell; another Pt was put into the NaOH aqueous solution as anode; then a constant current was supplied. At the cathode, the reduction reaction of water took place to produce H 2 . As a result of the formation of a large number of H 2 bubbles, the PMMA/graphene layer was detached from the Pt substrate. Then the PMMA/graphene layer was stamped at the chip with electrodes. The chip obtained in the previous process is annealed at 150 degree for one hour, which is rapidly cooled to room temperature later. This process can enhance the interaction between graphene and the substrate. The probability of blowing graphene can be effectively reduced in the following process of cutting graphene. Finally, the PMMA was removed by acetone. The graphene is assembled onto the chip with electrodes as shown in Fig.1 .
B. Choosing the cutting force and designing the cutting path
After the assembly of graphene, first, we must verify how much cutting force should be used. The cutting force should not only cut the graphene off, but also have a minimal impact on substrate. The graphene cutting experiment is conducted using a diamond-coating AFM tip (DDESP). The radius of the tip is 35 nm and the calibration spring constant is 42 N/m. Graphene is cut using a customized manipulation software developed in-house. The normal force can be adjusted by setting the deflection setpoint [12] , which is related to the tightness of the contact between the tip and the substrate. The graphene is assembled onto the microchip, as shown in Fig. 2 Fig. 3 . Fig. 3(b) demonstrates the linear relationship between the groove depth and the normal force. Based on this relationship, the normal force can be determined according to the groove depth. When the normal force is 21.84 μN, the cutting groove is 2.5 nm, as shown in Fig. 3(b) . At this cutting force, the graphene layer shown in Fig. 2 is cut through, while the substrate is almost intact.
In order to cut a hexagonal flake of graphene into interdigitated electrode, the cutting path has to be designed. The cutting path is shown in Fig. 4 . The hexagonal graphene is assembled on gold electrode shown in Fig. 4(a) . The cutting path shown in Fig. 4(b) consists of the following steps: 1) the graphene on both sides of the Au electrodes is cut off and the width of graphene between the two electrodes is reduced. 2) the ribbon of graphene is cut through along the zigzag path resulting in a pair of graphene interdigitated electrode, as shown in Fig. 4(c) .
C. SWCNT suspension preparation and purification
SWCNT suspension with high quality must be prepared before assembly. Raw material and dispersion, purification methods have been described in our previous study [13] .
III. RESULTS AND DISCUSSION
A. Fabrication of graphene interdigitated electrode
Using the previously discussed cutting path, the graphene ribbon and graphene electrodes are fabricated and their electrical properties are measured. The graphene is assembled onto the microelectrode chip as shown in Fig. 5(a) and the measured I-V curve is shown in Fig. 5(b) , where the voltage ranges from -1 to 1 V at 10 mV step. From Fig. 5(b) , we can see that the I-V curve shows a linear relationship and the resistance is about 0.88 kΩ. This resistance includes the following components: graphene resistance, Au electrode resistance, the contact resistance between graphene and Au electrode, the contact resistance between the conductive tip used for measuring and the Au electrode. According to the cutting step 1 in Fig. 4(b) , a graphene ribbon with width of 9.5 μm is fabricated and shown in Fig. 5(c) . And, the I-V curve is shown in Fig. 5(d) . From Fig. 5(d) , we can see the I-V curve is linear as well and the resistance is about 1 kΩ. This resistance is higher than that in Fig. 5(a) . This result verifies that when 9.5 μm the width of the graphene ribbon decreases, its resistance increases.
Then graphene ribbon is cut through along the zigzag path, as displayed in Fig. 5(e) . From Fig. 5(f) , we can see that the current is 0, proving that the graphene ribbon is cut through completely. At this point, a pair of graphene interdigitated electrode is realized. The nanogap between the graphene interdigitated is 94 nm wide. The widths of the smallest and largest electrode fingers are 1.1 and 1.8 μm, respectively. The graphene interdigitated electrode with nanogap can be used to detect the performance of nanometer material, which is placed in nanogap.
B. Fabrication of SWCNT-graphene FET
In the assembly process of SWCNTs by dielectrophoresis, control parameters such as the alignment voltage, frequency, and duration must be closely regulated and monitored. So we develop an electrophoresis assembly system to complete SWCNT assembly. In the process of assembly, one drop of 2 μl diluted solution is delivered onto a chip using a pipette.
Then alternating current (AC) voltage was applied to probes with frequency of 1 MHz and peak-to-peak voltage of 10 V by an arbitrary function generator (Escort, EGC-3230), which generated DEP force to actuate and assemble SWCNT at graphene interdigitated electrode gap. After 3-5s, the generator was switched off, and the change of the duration time could affect the number of SWCNTs assembled at the nanogap. The chip was treated with deionized water to remove the remains of sodium dodecyl sulfate. The chip was tilted 45 degree downwards into deionized water slowly, and rinsed for about 50 s. Then, the chip dried at room temperature. The Completed SWCNT-graphene FET is shown in Fig. 6 . From Fig. 6(a) , it can be seen that all SWCNTs are distributed between graphene interdigitated electrodes, and the SWCNT has no physical connection with Au electrodes. In these devices, there is only one pathway for charge transport. It is through the junctions between graphenes and SWCNTs. The Au electrodes is only used to form electrical connection with external measurement circuit. From Fig. 6(b) , we can see that the SWCNTs are distributed around the corner of the graphene interdigitated electrode more clearly.
C. SWCNT-graphene FET characteristic test
The effectiveness and sensitivity of SWCNT-graphene FETs are also investigated after the assembly. The SWCNT- graphene FETs characteristic test system is built as shown in Fig. 7 . The datas are collected by Agilent4155C semiconductor parameter analyzer. Fig. 8 shows the output measurement results of SWCNT-graphene FET at room temperature. The gate voltage varies from -4 V to 4 V, and the source-drain voltage varies from -1 V to 1 V at 10 mV step. The sourcedrain current decreases gradually as the gate voltage range from -4 to 4 V, demonstrating an effective physical assembly and electrical connection between SWCNTs and graphenes, and revealing that the p-type SWCNTs exist in the device channel.
IV. CONCLUSION
In this paper, graphene grown by CVD is assembled onto a microchip through the bubbling method. Then an AFM based mechanical cutting method is used to cut graphene into ribbon and interdigitated electrodes with nanogap. The width of nanogap between the graphene interdigitated electrodes is 94 nm. The widths of the smallest and largest electrode fingers are 1.1 and 1.8 μm, respectively. The graphene interdigitated electrodes with nanogap can be used as probes to detect single molecule in micro-environment and applied to electrochemical sensing. Finally, SWCNTs are assembled onto the graphene interdigitated electrodes using dielectrophoresis to complete the FET device. In these devices, there is only one pathway for charge transport. It is through the junctions between graphenes and SWCNTs. After a preliminary verification, the FET shows p-type semiconductor properties, which paves a new way to build all-carbon electronic devices.
